Abstract
INTRODUCTION
Since it was first described in 1994 [1] , thoracic endovascular aortic repair (TEVAR) has become a widely accepted treatment method for aortic pathologies as an alternative to open repair [2, 3] . TEVAR results in a greater reduction in the length of hospital stays, postoperative pain, morbidity and mortality as compared with the open approach [4, 5] . A rapid increase in the number of devices over the last 2 decades has led to growing indications for TEVAR. Unfortunately, TEVAR is also known for technical setbacks such as device migration and dislodgement, which lead to endoleaks and aneurysm growth resulting in treatment failure [6] . TEVAR success is dependent on the proper sealing of the stent graft in the proximal and distal landing zones (LZs) [7] .
Most reports on LZ in the TEVAR literature focus on when an improper stent graft seal occurs in the proximal LZ. In this study, we wish to draw attention to the other side of the coin-the distal LZ. The latest TEVAR technology focuses on perfect stent graft deployment in the proximal LZ. Our aim was to analyse the accuracy of stent graft deployment in the distal LZ and its influence on procedural results at mid-term follow-up.
MATERIALS AND METHODS

Study population
Between 2005 and 2016, 195 patients with non-dissected aortic pathologies underwent TEVAR. Patients with a distal LZ ending at the target vessel (coeliac trunk, mesenteric superior artery or renal artery) and shorter than 40 mm ( Fig. 1) were included.
Exclusion criteria included missing information on target vessel in the operative report (n = 5) or early postoperative imaging studies (n = 15), antegrade stent graft implantation via proximal access to the aortic pathology (n = 1) and Marfan syndrome (n = 0).
Patients who met the aforementioned criteria were divided into the accurate landing (AL) and the inaccurate landing (IAL) groups (Fig. 1) . AL was defined as stent graft deployment < _5 mm from the target vessel without covering it and without needing a second stent graft implantation in the distal LZ due to faulty implantation of the former. IAL was defined as stent graft deployment >5 mm from the target vessel, target vessel coverage or needing a second stent graft implantation in the distal LZ during the same procedure.
Multiplanar reconstruction was routinely used to measure the diameters and lengths of proximal and distal LZs. The length of the stent graft was chosen according to the measurement of the aortic pathology including both proximal and distal LZs along the large curvature. The positions of C-arm to obtain optimal quality of intraoperative angiography were measured according to computed tomography angiography (CTA).
The commercially available devices implanted were Captivia or Talent (Medtronic Vascular, Santa Rosa, CA, USA), Relay (Bolton Medical Inc., International Parkway Sunrise, FL, USA) and Zenith Alpha (Cook Medical Inc., Bloomington, IN, USA). Among them, only Zenith Alpha had distal bare springs. In the early study period, Captivia and Talent devices were used in all cases. Relay NBS was first implanted in 2012, and is now used in most TEVAR procedures. All TEVARs were performed in transient hypotension induced with rapid ventricular pacing.
The median follow-up period was 23 (first quartile 5; third quartile 48) months, constituting 168 patient-years. Follow-up protocol included CTA control once a year in all patients. The last follow-up CTA was obtained in August 2016. Thirty-three patients were lost to follow-up: 14 died and 19 refused follow-up examinations due to advanced age and remote place of residence.
Our institutional review committee approved this retrospective study, and the need for informed consent was waived.
Image analysis
All measurements were taken via electrocardiography-gated CTA. A slice thickness of 3 mm or less was accepted. Analysis was performed using Impax EE (Agfa HealthCare N.V., Morstel, Belgium). All the measurements were taken in multiplanar reconstruction, always in a perpendicular plane to manually correct the local aortic centre line. CTAs obtained shortly before and after TEVAR as well as the last follow-up CTA were analysed. In case of a reintervention, CTAs done before and thereafter were also analysed.
Definitions
The target vessel was defined as that at the distal end of the distal LZ. The upper edge of the target vessel ostium defined the end of the LZ.
Tortuosity was calculated as the ratio of the incremental curve length of the centre line to the linear distance between its 2 endpoints, as assessed by an electronic caliper. Aortic tortuosity was measured, according to the median length of distal stent graft, for 150-mm aortic straight distance from the upper edge of the target vessel towards the aortic arch.
LZ conicity was defined as the difference between aortic diameters immediately proximal to the target vessel and 20 mm above it.
Distance to the target vessel was defined as that between the lower edge of the distal stent graft and the upper edge of the target vessel ostium.
Stent graft migration was defined as a change in stent graft distance to the target vessel observed between the first CTA after TEVAR and the follow-up CTA (Fig. 2) . Substantial stent graft migration was defined as a migration distance exceeding 10 mm.
Stent graft wedge apposition was defined as the distance between the planes perpendicular to the aortic centre line and determined by the most proximal and distal points belonging to the distal stent graft edge (Fig. 3) . Substantial stent graft wedge apposition was defined as any value exceeding 10 mm. Stent graft wedge-apposition change was defined as the difference between the stent graft wedge apposition on the CTA obtained shortly after TEVAR and that on the last follow-up CTA.
Endoleaks were assessed based on the description by Fillinger et al. [7] . Primary endoleaks were defined as endoleaks demonstrated on conventional angiography during the TEVAR procedure or on CTA done within 30 days after the procedure. Late endoleaks were defined as endoleaks demonstrated on CTA more than 30 days after TEVAR in patients who did not suffer a primary endoleak.
Statistical analysis
Continuous data were reported as median (first quartile; third quartile), whereas categorical variables were shown as counts, percentages. Independent samples t-test was applied when compared continuous data and the v 2 test when categorical variables were presented. The Mann-Whitney rank-sum test was employed in the case of not normally distributed variables. In the case of small group sizes (n < 5), the Fisher's exact test was used. The Kaplan-Meier method estimator was used to calculate freedom from distal reintervention, which was compared between groups with the log-rank test. Two-sided P-values were computed, and a difference was considered statistically significant at P-value < _0.05. All statistical calculations were performed using SigmaPlot 12 (Systat Software, San Jose, CA, USA).
RESULTS
Our study cohort comprised 59 patients (20 women) with a median age of 73 (68; 77) years and was divided into 2 groups: the AL group (n = 10; 3 women) and IAL group (n = 49; 17 women).
TEVAR was performed for thoracic aortic aneurysm (n = 56), aortic rupture (n = 1), penetrating atherosclerotic ulcer (n = 1) and both thoracic aortic aneurysm and penetrating atherosclerotic ulcer (n = 1). Clinical details revealed no significant differences between groups and are summarized in Table 1 .
Distal landing zone anatomy
Aortic tortuosity was significantly less in the AL group (P = 0.039). Distal LZ geometry did not differ between AL and IAL patients in proximal diameter (P = 0.52), distal diameter (P = 0.85), diameter 20 mm above the target vessel (P = 0.98), conicity (P = 0.77) or length (P = 0.87) in both cohorts. Absence of calcification and thrombi was similar in both groups (P = 0.72 and P = 0.48, respectively). In 44 (74%) patients, the target vessel was the coeliac trunk, in 14 (24%) patients the mesenteric artery and in 1 (2%) patient the left renal artery. Distal LZ characteristics of both groups are summarized in Supplementary Table 1.
Procedural details
TEVAR was performed emergently in 4 of 10 (40%) AL patients and in 19 of 49 (39%) IAL patients (P = 1). The reasons for emergency aortic repair were aortic rupture in 1 patient and symptomatic aneurysm in 22 patients. Relay, Captivia or Talent and Zenith Alpha devices were used in both groups with similar frequency. One stent graft was implanted in 17 patients, 2 in 32 patients, 3 in 9 patients and 4 in 1 patient. A distal stent graft was implanted as the first one in 1 AL and in 9 IAL patients (P = 1). No AL patient presented a stent graft oversizing factor less than 15%, compared with 18 (37%) IAL patients (P = 0.068). No patient underwent open surgical conversion (Table 2) .
Perioperative results
Distance to the target vessel. Median distance to the target vessel after TEVAR for the entire study cohort was 10.0 (6.5; 16.0) mm. We noted 3 unintended target vessel coverages (n = 2 partial and n = 1 total) in the IAL group; the covered vessel was the coeliac trunk in all those patients.
Wedge apposition. Stent graft wedge apposition was 4.5 (3.3; Primary endoleak Ib. The incidence of primary endoleak Ib was significantly lower in the AL group (0% vs 33%; P = 0.049). In 3 patients, endoleak has been observed at intraoperative angiography and in 13 patients on the first CTA after TEVAR. In 3 IAL patients with intraoperative endoleak Ib, a second stent graft had to be implanted in the distal LZ during the same procedure due to faulty implantation of the first. All of them had had a stent graft implanted too far from the target vessel, resulting in improper sealing. Two of 13 patients with primary endoleak Ib observed on the first CTA died due to aortic rupture and 8 underwent distal reintervention. Three multimorbid and old patients were treated conservatively.
Thirteen of 16 (81%) patients with primary endoleak had at least 1 distal LZ diameter >40 mm, compared with 13 of 43 (30%) patients without endoleak (P = 0.001).
Perioperative data are summarized in Table 2 . 
Outcomes at follow-up
Distance to the target vessel. Distance to the target vessel at follow-up for the whole cohort was 13.0 (9.0; 20.0) mm. Substantial stent graft migration (>10 mm) occurred in 9 patients (10% AL vs 16% IAL; P = 1). Among them, 4 of 9 (44%) patients suffered a late endoleak Ib versus 4 endoleaks Ib among 50 (8%) patients without substantial stent graft migration (P = 0.014). Additionally, 4 of 9 patients presenting substantial stent graft migration had an implanted distal stent graft > _200 mm in length, compared with 7 of 50 without substantial stent graft migration (P = 0.086).
Wedge apposition. Outcomes at follow-up are summarized in Table 3 and include an analysis of the latest follow-up CTA or first CTA before reintervention.
Distal reinterventions
Indications for distal reintervention were primary or late endoleaks Ib. Distal reinterventions were necessary in 12 patients.
Freedom from distal reintervention at 12 months was 100 ± 0% in AL and 80 ± 7% in IAL patients (P = 0.19, Fig. 4 ). All reinterventions (except for 1 in the IAL group) were done endovascularly (Table  3) . Patients requiring a distal reintervention had at the primary TEVAR a significantly smaller oversizing factor in the distal LZ than the patients needing no distal reinterventions [11.1 (1.8; 18.8)% vs 23.1 (14.3; 30.5)%; P = 0.010].
In 6 of 11 (55%) patients who underwent a distal endovascular reintervention, the distal LZ had to be extended to the superior mesenteric artery. The target vessel had been accidentally covered in 3 of 11 (27%) patients (n = 2 partial, coeliac trunk and mesenteric artery and n = 1 total, coeliac trunk). Two (18%) patients suffered a post-reintervention primary endoleak Ib. Followup CTA after the reintervention revealed 3 late endoleaks Ib among 11 patients.
DISCUSSION
TEVAR is a frequently employed treatment method for a wide range of aortic diseases [8, 9] . Its success is reflected by the shorter in-hospital stays and less postoperative pain, morbidity and mortality when compared with open surgery [10] . Yet there are a few essential difficulties that TEVAR surgeons struggle with, namely method-related failure such as stent graft dislodgement, bird's beak occurrence and the development of primary endoleak [10] [11] [12] [13] [14] . There is also long-term failure caused by stent graft migration and late endoleaks. The aforementioned problems are usually described only with reference to the proximal LZ.
The aim of this study was to demonstrate the serious inaccuracy of stent graft deployment in the distal LZ and to investigate factors that cause this. The findings of this study are summarized as follows:
i. An AL in the distal LZ covering its entire length is seldom achievable. ii. Inaccurate stent graft deployment in the distal LZ leads to a significantly higher incidence of primary endoleak Ib requiring a second stent graft implantation and may result in accidental target vessel coverage. iii. In > 30% patients, the distal stent graft edge does not intersect the aortic centre line under a 90 angle, resulting in substantial stent graft wedge apposition. Wedge apposition is associated with the loss of functional distal LZ length.
Relationship to previous studies
There has until now been no investigation that quantified the accuracy of a thoracic stentgraft's landing in the distal LZ. However, there are numerous descriptions of stent graft deployment in the proximal LZ and its failure, e.g. bird-beak, inadequate conformability, stent graft migration and endoleak Ia development [10] [11] [12] [13] [14] [15] .
Inaccurate distal landing
The outcome of endovascular aortic surgery is dependent on the precise stent graft implantation in the appropriate LZ [16] . Our study clearly shows that inaccurate distal landing is a major TEVAR limitation. In 59 patients, we aimed to deploy the stent graft just above the target vessel-the coeliac trunk in most cases. We noted that the stent graft had been implanted accurately in only 10 (17%) patients, defined as a distance to the target vessel < _5 mm. Missing the target vessel and landing too far away were not the only problem with IAL. Three patients required a second stent graft due to IAL in the distal LZ, and 3 more suffered partial or total closure of the target vessel. The rate of accidental target vessel coverage was as high as 27% among those patients requiring distal reintervention at follow-up, a factor attributable to the more challenging distal LZ often seen in patients with a TEVAR history. Our AL group revealed a significantly lower incidence of primary endoleak than the IAL group. More accurate stent graft deployment yields better clinical outcomes and reduces the need for reinterventions. Continuous values are represented as medians (first quartile; third quartile) and categorical values as n (%).
a Need for a second stent graft indicates implantation of a second stent graft during the initial procedure in distal LZ due to the first one's faulty implantation resulting in endoleak. b P-value is given for all type of stent grafts.
c P-value is given for all 1, 2, 3 and 4 stent grafts. CTA: computed tomography angiography.
Reasons for missing the target
There are several factors that can lead to an inaccurate stent graft deployment in the distal LZ. First, inadequate visualization of the target vessel may result in improper landing. It is mandatory to carefully evaluate the fluoroscopy angle settings according to CTA before the TEVAR procedure.
Second, we observed that despite aiming to land just above the target vessel, stent grafts usually land more proximally. After stent graft implantation in the proximal LZ, the distal stent graft tip is still in the deployment device and is located at the desired site just above the target vessel. In the very last moment when the stent graft finally exits the delivery device, it becomes suddenly dislocated in the direction of the proximal aorta (Fig. 5) . This may be caused by the radial force of the stent graft, when exiting the deployment device. This pushes the stent graft towards the aortic wall and simultaneously in the direction opposite of the deployment device's outer sheath movement-in aortic proximal direction, in accordance with the law of conservation of momentum. This causes the final stent graft landing to shift, usually some distance from the target vessel. We call this phenomenon 'stent graft jump'. In our daily practice, we observe 'stent graft jump' more frequently while deploying large stent grafts. However, because of the small patient number, this difference was not statistically significant.
Third, we observed that in >30% of our patients, the distal stent graft edge does not intersect perpendicularly to the aortic centre line, resulting in the malposition of the distal portion of the stent graft. We call this phenomenon 'stent graft wedge apposition' (Fig. 3) . In an optimal scenario, the anatomical LZ serves as the functional LZ at the same time. This means that the entire LZ from the target vessel to the end of LZ is encircled by the stent graft. If stent graft wedge apposition occurs, the endograft fails to entirely cover the entire available LZ circularly, limiting the functional LZ. Furthermore, we observed that wedge apposition was associated with higher distal LZ conicity and aortic tortuosity. Wedge apposition seems to play a particularly important role in case of a short LZ, when even a few millimetres may make a difference between the success or the failure of a procedure.
Device limitations
All commercially available TEVAR devices are designed to enable accurate stent graft deployment in the proximal LZ. Proximal bare-springs (i.e. Valiant Captivia, Zenith Alpha, Relay Plus), precurved deployment devices (Zenith Alpha, Relay Plus), supporting wires for stent graft deployment towards the inner curve (Relay NBS Plus) these all facilitate precise and controlled stent graft deployment in the proximal LZ [17] . Despite the fact that the proximal LZ is usually located in the distal aortic arch or proximal descending aorta and is usually curved, it is feasible to deploy currently available stent grafts in this segment avoiding the bird's beak phenomenon and achieving good conformability and satisfactory alignment without wedge apposition [18] . Some of the TEVAR devices are available with distal bare springs that should facilitate better stent graft alignment. Relay Plus stent graft is the only device with a longitudinal spine designed to improve accuracy of landing in the distal LZ. However, stent graft deployment in the distal LZ is only semicontrolled. All available endoprostheses open from a proximal to distal direction, except for the Gore TAG, which deploys bidirectionally from the middle. After stent graft fixation in the proximal LZ, any significant correction of the landing level in the distal LZ is strictly limited. The very last moment of stent graft implantation is in fact uncontrolled. Moreover, factors such as pulsatile blood flow, complicated stent graft implantation steps requiring multiple manipulations on the deployment device and the lack of routine or expertise can all lead to further stent graft dislocation and IAL in the distal LZ. 
A potential solution
Some of these issues could be resolved by a new generation of devices designed for AL in the distal LZ with the distal end of the stent graft implanted first. This might render stent graft implantation more accurate and reduce stent graft wedge apposition as well. Since most patients (due to having extensive aortic pathology) usually require 2 stent grafts, it seems reasonable to have 2 different deployment systems available: one for landing in the proximal LZ and another for the distal LZ. Another possibility is antegrade TEVAR using currently available devices from a proximal access such as the ascending aorta, heart apex or subclavian artery. In 1 patient excluded from this study, we performed antegrade TEVAR due to the infeasibility of distal access because of severely calcified iliac arteries. This approach enabled us to perform a very accurate and controlled landing in the distal LZ. However, the aforementioned access sites are more radical, require more extensive surgery and may lead to unnecessary complications as compared to an access via the femoral arteries.
One drawback of implanting a distal stent graft first should be mentioned. A stent graft with a smaller diameter should be deployed before a larger one to achieve a proper sealing effect between these. When smaller aortic diameter in the proximal LZ would restrict supplying distal LZ first, a tapered stent graft may be used to solve this problem.
Limitations
In this retrospective study, the role of limited visualization of the target vessel in conjunction with IAL in the distal LZ was not assessable due to the lack of information on intraoperative imaging. The size of our small study cohort could also have affected our results. The influence of follow-up time on stent graft migration and wedge-apposition change were not calculated due to relatively short follow-up time. Furthermore, some of inaccurate deployments may be associated with learning curve that cannot be excluded especially for Zenith Alpha device, because it was not implanted in any other patients not included in this study. Our study did not show the superiority of reverse stent graft deployment system, because this kind of introducing system is currently not available. We focused rather on mechanism leading to inaccurate placement of stent graft in the distal LZ.
CONCLUSIONS
Accurate landing in the distal LZ covering its entire length is frequently very challenging. Inaccurate stent graft deployment in the distal LZ is associated with a higher incidence of endoleak Ib and may lead to accidental target vessel coverage or the need for a second stent graft deployment. New stent graft deployment devices enabling the implantation to start in the distal LZ may enhance the accuracy of stent graft landing. Previously undescribed TEVAR setbacks such as 'stent graft wedge apposition' and 'stent graft jump' require further investigation.
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